This paper introduces a novel nano-positioning actuator with large displacement and driving force, termed a flexure-based electromagnetic linear actuator (FELA). It mainly comprises an electromagnetic driving scheme and flexure-supporting bearings that provide infinite positioning resolution and highly repeatable motion. In this work, analytical modeling of the proposed electromagnetic scheme and flexure mechanism is presented. Solutions obtained from each model are evaluated by the experimental studies conducted on a FELA prototype. This prototype achieves a stroke of 4 mm with a positioning accuracy of ±10 nm. With direct force control, it generates various force profiles with a force-current ratio of 60 N A −1 and an accuracy of ±0.3 N. Such capabilities make FELA a promising solution for realizing ultra-high precision layer-over-layer fabrication in the nano-imprinting process.
Introduction
Nano-imprint lithography (NIL) was first introduced in 1995 as a low-cost mass-production process that delivers nanosized features [1] based on the principle of mechanical printing. Using a hot embossing technique, NIL transfers nano-sized patterns onto a single-layer substrate to form an impression with sub-100 nm features. In fact, fabrication of 10 nm (in width) features on a single-layer impression has already been well demonstrated [2] . Consequently, NIL has been reported as a promising approach for semiconductorcomponent fabrication as conventional optical lithography runs into technical limits when producing transistors and interconnections of sizes below 45 nm due to the wavelength limitation and diffraction effects of the photons. Unfortunately, the requirements for large imprinting forces and elevated temperature have made NIL unsuitable for fabricating layerover-layer impressions. Hence, NIL is only used to fabricate sub-100 nm features on single-layer substrates [3] . The discovery of step-and-flash imprint lithography (SFIL) in 1999 successfully demonstrated multi-layer-interconnection fabrication through such a nano-imprinting approach [4] . By eliminating the heat needed for embossing and lowering the imprinting force requirements [5] , it was reported that SFIL has successfully fabricated a well-aligned two-layer interconnected impression with features of sub-100 nm in width and sub-micron height [6] .
A SFIL system consists of two major components: a micro-resolution Z -stage that carries the template and a nanoalignment flexure stage that holds the substrate for imprinting process [6] . As illustrated in figure 1 , the Z -stage stamps the template onto the substrate, while the flexure stage, with two degrees of freedom (DOF) in θ x and θ y orientation, passively aligns the substrate to the template. In the stamping process, bringing the template in contact with the substrate may require a traveling range of a few millimeters in layer-over-layer fabrication. Consequently, a stepper motor and linear ballscrew with pitch size of a few microns are employed to drive the Z -stage. However, such micro-resolution ball-screws limit the overlay alignment resolution to ∼0.5 μm [4] . One major reason for this limitation is the lack of an appropriate actuator suitable for driving a SFIL system. Such an actuator must have positioning accuracy of nanometers for performing ultrahigh alignment and several millimeters of travel for layer-over- layer fabrication. It must also provide a continuous imprinting force of ∼100 N, which is required in the SFIL process. However, initial studies recognized that existing actuators have limitations in meeting these stringent requirements. In particular:
(i) Piezoelectric (PZT) actuators, which are commonly used for nano-scale positioning, have limited strokes of up to several hundreds microns [7] . (ii) PZT-driven actuators that use a high-pitch screw actuating shaft to achieve millimeters of displacement have poor repeatability due to backlash and Coulomb friction.
Others that use the magnetostrictive clamping method [8] , the inchworm [9] or the impact driving technique [10] have low payload capacities, i.e. <50 N. (iii) Conventional voice-coil linear actuators that offer frictionless actuation only deliver a small force-current ratio of ∼10 N A −1 [11] . (iv) Solenoid actuators offer a large but inconsistent output force throughout their allowable traveling range [12] . (v) Magnetic levitation is promising for nano-positioning over a large workspace [13] . However, its efficiency is very sensitive to payload variation.
In this paper, a new nano-positioning actuator is introduced. This actuator, termed a flexure-based electromagnetic linear actuator (FELA), mainly comprises a Lorentz-force electromagnetic driving scheme and flexure-supporting bearings as shown in figure 2 . The Lorentz-force actuation is realized by an electromagnetic driving mechanism (EDM) with a fixed permanent-magnet (PM) stator and a moving air-core coil configuration ( figure 2(a) ). The stator employs a new dual-magnet (DM) configuration, which can produce a uniform magnetic flux distribution within a large air gap. This DM configuration allows a high force-current ratio to be obtained from a small amount of input current. In addition, the moving aircore coil enables a linear force-current relationship, which is a useful for effective force control. The holder of the moving air-core coil is supported by the flexure joints and forms a flexure bearing mechanism (FBM) as illustrated in figure 2(b) . Such flexure joints provide frictionless motion, which retains the infinite motion resolution of the actuator under an electromagnetic driving scheme. The FBM adopts a bi-stable design to ensure high stiffness in all non-actuating directions and low stiffness in the actuating direction within its allowable travel range. The EDM is embedded inside the FBM to form a complete FELA assembly.
A FELA is proposed to achieve a positioning accuracy of ±20 nm, a minimum displacement stroke of >2 mm, a force-current ratio of ∼60 N A −1 and an actuating speed of 100 mm s −1 . In this paper, a current-force analytical model of a EDM and a static force-displacement analytical model of the FBM are presented. Experimental studies are conducted on the prototype of EDM and FBM to validate the accuracy of the established analytical models. These prototypes are assembled to form a complete FELA assembly, which will be implemented with position and force control schemes to verify its claimed capabilities.
Current-force modeling of EDM

Lorentz-force actuation
The magnitude of the Lorentz force is determine by the magnetic flux density, B, input current, i , and orientation of the field and current vector. With a total length of coil, l, placed in the magnetic field, it can be estimated by
Based on equation (1), the current and force relationship is affected by the total length of the coil and the magnetic flux density within the effective air gap. In this analysis, the total length of the coil is fixed and the magnetic flux density varies within the effective air gap. Assuming the current rate of change is very small, i.e. di /dt → 0, equation (1) suggests that an accurate current-force model requires a good prediction of the magnetic flux density along the X-Y plane (refer to figure 3 ).
Magnetic field solution
For a current-free environment, the magnetic field within the air gap of such a configuration can be reduced to a scalar 
Assuming that the PMs are uniformly magnetized and the magnitude of the magnetic field in the z-axis is similar to that in the x-axis. A 3D problem can be reduced to a 2D problem. As shown in figure 3 , a DM configuration is decomposed into five regions: Region I, half of the air gap of a DM configuration; Region II, air gap between PM-1 and the stator; Region III, half of the PM-1 of a DM configuration; Region IV, air gap between PM-2 and the stator; Region V, half of the PM-2 of a DM configuration. Equation (2) can be reduced to a 2D Dirichlet boundary-value problem. With appropriate boundary conditions, the solution of the scalar potential that represents each region is obtained. Thus the 2D magnetic flux density solution of the air gap is derived as,
where
and
M is the magnetization and μ 0 is the permeability in space. Based on equations (1) and (3), a complete current-force analytical model for the proposed EDM of a FELA can be established.
Experimental investigations
In this work, an EDM with a symmetrical DM configuration was fabricated to validate the accuracy of the analytical results obtained from equation (3) and the current-force model. In the prototype EDM, AWG24 wire (diameter 0.45 mm) is used based on the estimated operating temperature of 120 • C and 2 A of input current to the FELA. Each DM configuration is formed by two rare-earth PMs (NdFeB type N45M) with residue magnetic flux density of 1.33 T and a maximum operating temperature of 120
• C. The effective air gap within the DM configurations is designed to be 11 mm to optimize the output force obtained from the EDM prototype. The experiment setup mainly comprises a Hall-sensor probe (Lakeshore, model MFT-2903-VH) and a gaussmeter (Lakeshore, model 460) for measuring the magnetic flux density within the air gap of the DM configuration. On the other hand, the parameters used in equation (3) to obtain the field solution include M = 692.33 Figure 4 (c) shows that the numerical analysis predicts a slightly lower magnetic flux density, with a difference of ∼0.04 T between 10 and 27 mm of the effective air gap. Furthermore, a larger area of magnetic flux leakage is predicted by the numerical analysis, i.e. from 0 to 10 mm of the effective air gap, as compared to the experimental results, i.e. from 0 to 5 mm of the effective air gap. The numerical solution provided by ANSYS is formulated based on the magnetic vector potential theorem while the proposed analytical model is derived based on the magnetic scalar potential theorem. As a result, the differences between both solutions show that the magnetic scalar potential theorem is a better approach for predicting the magnetic field from a PM. Consequently, these comparisons suggests that the proposed analytical model offers an accurate prediction of the magnitude of the magnetic flux density and the magnetic field behavior throughout the effective air gap of a DM configuration.
In addition, a force measurement was performed on the prototype EDM using a DC linear amplifier (PMDI, model BTA-28V-6A) and a six-axis force/torque (F/T ) sensor (ATI, model Mini-40; max. 240 N, resolution 0.01 N). The experimental results plotted in figure 5 reflect a linear relationship between the input current and the output force. The prototype EDM generates an output force of 6.6 N with an input current of 0.1 A. Based on such linear relationships, the prototype EDM is capable of generating an output force of >100 N at 2 A. The analytical results obtained from the established current-force model were also plotted against the experimental results (figure 5). Based on parametric analysis of the EDM, it shows that the analytical model predicts a current-force ratio of 7 N per 0.1 A to be generated from the EDM. The slight differences of 0.4 N can be explained by the force-torque sensor used to conduct this experiment. To obtain the actual force at the actuating direction without sensing the forces in the other directions, it is necessary to have a perfect mounting between the moving air-core coil and this six-axis transducer. However, it is difficult to ensure a perfect mounting in practice. Another reason is the difference between the length of coil assumed during the analytical modeling and the actual length of the coil used in practice. Imperfect coiling of the air-core coil can lead to a smaller amount of coil being used in practice, causing the EDM to generate a lower currentforce ratio. Nevertheless, the proposed analytical model gives a well-predicted current-force relationship that is useful for rapid parametric analysis and design, and proof-of-concept assessment of a EDM with DM configurations.
Force-displacement model
Pseudo-rigid-body modeling
A pseudo-rigid-body (PRB) modeling technique [15] is used to describe the behavior of the force-deflection relationship of the flexure joints by modeling them as kinematic rotary joints with torsional springs. The flexure joints of a FBM, which are the unclamped portions of a shim, are described as a smalllength flexure pivot. Consequently, the torque, T , generated at the middle of the flexure length can be expressed as
where is the PRB deflection angle of the pivot, E I is the flexure rigidity and L is the length of the flexure pivot [16] .
Force-displacement relationship
A FBM, which adopts a bi-stable mechanism design, can be described as a pair of symmetrical linear spring configurations with flexure joints, as shown in figure 6 . Each of these linear spring configurations can be represented by a planar four-bar mechanism. Based on figure 6(c), forward kinematics analysis derives the velocity coefficients as (scalar form) and can be expressed as
where θ 2 is the primary variable and θ 3 and θ 4 are the secondary variables. The length of each rigid link is represented as r 1 , r 2 , r 3 and r 4 . In this analysis, the total virtual work, δW SYS , of a linear spring configuration based on the FBM is summarized as
where the first term represents the virtual work due to a driving force, F, acting on the rigid link with a virtual displacement, δ Z . The second term represents the virtual work due to the torsional springs with
is the initial angle of the un-deflected torsional spring. Based on equations (6), (7) and the virtual work principle, δW SYS = 0, the static forcedisplacement relationship of the FBM is derived as
where F in is the input force required to achieve the desired displacement, δ x , in the actuating direction.
Experimental investigations
In this work, a 100 mm × 70 mm × 70 mm (length × width× height) FBM is developed. Its mainly consists of four symmetrical linear springs, which are used to hold the translating air-core coil of the EDM. Each linear spring has 
Nanometric positioning control
A position control scheme is implemented on the FELA to validate its performances in terms of positioning accuracy, displacement range and actuating speed. This closed-loop control is mainly governed by a proportional, integral and differential (PID) controller, and a position feedback as shown in figure 9(a) .
Dynamic modeling
A FELA is treated as a linear mass-spring-damper system as illustrated in figure 9(b) . In this system, the mass, m, is the weight of the moving air-core coil and the stiffness of the flexure joints is represented by spring stiffness, k. Unlike conventional flexure mechanisms, damping of this system is caused by a force generated through the induced eddy current from the relative motion of the moving core and the PMs. Hence, the transfer function of FELA, G F (s), is
where F c (s) is the command force and X a (s) is the actual position. On the other hand, the transfer function of a conventional PID controller,
where E(s) is the error between the desired and actual values, K p is the proportional gain, T i is the integral time and T d is the derivative time. Consequently, the transfer function of the entire closed-loop control system is
where X d (s) is the desired position and K c is the compensation gain, which accounts for the quantization and amplifier gain of the open-loop system.
Controller design
To determine the control parameters, equation (12) is compared against the transfer function of a standard third-order system so as to formulate the relevant equations that represent K p , T i and T d . In this work, the transfer function of a standard third-order system is expressed as
where ω n represents the undamped natural frequency of the system and ζ represents the damping ratio of the system. The transfer function of a standard third-order system is derived by adding an additional real pole, γ , to the transfer function of a standard second-order system. The value of the additional pole must be at least five times the value of the undamped natural frequency to ensure that it has a minimum effect on the system characteristic. Hence, a comparison between the coefficients of equations (12) and (13) yields
In this work, the rise time, T r , and the damping ratio are used to determine the system performance. Using these two parameters, the undamped natural frequency is obtained using
Prediction of the PID control parameters through equations (14)- (16) requires the values of the mass, spring and damper. In this work, the MATLAB System Identification Toolbox is used to identify these values based on the output step response of the FELA. Initially, a series of step inputs was first given to the FELA to obtain the output step response of the open-loop system. These step inputs are the command force, which include 1.986 23×10 −7 N, 1.986 23×10 −6 N and 9.931 16×10 −6 N. Subsequently, the output response obtained from each step input is recorded at a sampling time of 1 ms. Both input and output data are fed into the MATLAB toolbox to estimate a transfer function of the open-loop system. As a result, the estimated transfer function, G est (s), is given as
where 279.9, 1 × 10 −6 , 2.254 × 10 −3 and 1 represent the ratio between compensation gain, mass, damping and spring stiffness, respectively. 
Results
For position control, a rise time of 0.4 ms and damping ratio of 0.6 is used to determine the value of natural frequency, which is in turn used to estimate the PID control parameters using equations (14)-(17). As a result, K p = 0.2064, T i = 0.474 91 and T d = 0.271 93 are obtained. At this stage it is noticeable that the K p of 0.2064 is lower than the K p values used on other conventional electromechanical modules. In addition, it is observed that higher K p values cause the FELA to oscillate. This is because a moving air-core coil, which has a low moment of inertia, requires low K p values to avoid large overshoot in the transient response or uncontrollable oscillations. Subsequently, these PID control parameter values were input to the PID controller, which is written in the FPGA environment via a National Instrument (NI) FPGA controller card (model PCI-7833R, max. 3 Mgates, processing speed 25 ns/command). This FPGA controller allows the PID servoloop to run at 10 kHz, while the trajectory generator runs in the NI LabVIEW environment with a control frequency of 1 kHz. The rest of the hardware includes an industrial PC with a P4 processor, a Trust 48 V DC linear amplifier and A Renishaw laser interferometer (model RLE10) is employed to verify the smallest and largest achievable steps, accuracy and repeatability of the FELA. With the PID servocontrol, a positioning accuracy of ±10 nm was obtained at the end-effector of the FELA (figure 10). A 20 nm repetitive step is performed by the FELA and is plotted in figure 11 . It shows a positioning accuracy of ±10 nm at every step and validates that the smallest achievable step from FELA is 20 nm. The maximum stroke of the FELA is performed and plotted in figure 12 . It shows that the FELA achieves a ±2 mm step and settles quickly after 0.7 s. With a constant error of 50 nm, the positioning accuracy at 2 mm is ±10 nm peakto-peak ( figure 13 ). To verify the repeatability of FELA, five repeat runs to each targeted position, i.e. 5 μm and 2 mm, are conducted. For the targeted position at 5 μm, all five runs performed by the FELA fall within ±1.5σ ( figure 14) . With a constant error of 24 nm, this shows a positioning repeatability of ±10 nm. As for the targeted position at 2 mm, all five runs performed by the FELA fall within ±1.5σ and indicate a positioning repeatability of ±20 nm ( figure 15 ) with a constant error of 72 nm. All constant errors obtained at the end-effector can be compensated through error-mapping techniques. Most importantly, the positioning accuracy of FELA is very much limited by the encoder resolution of 5 nm/count. Based on figure 10 , the accuracy of ±2 counts suggests that an encoder with a higher resolution will further improve the positioning accuracy of the FELA.
Direct force control
One of the most important features of this nano-positioning actuator is its ability to achieve direct force control for nanoimprinting tasks. Using a PID control scheme, the ATI force/torque (F/T ) sensor becomes the main feedback source for the PID controller when the FELA operates under the direct force control mode ( figure 16(a) ). In this mode, the analog signal from the F/T sensor is directly fed into the FPGA controller to achieve a signal-processing frequency of 100 kHz.
Dynamic modeling
In a direct force control mode, the FELA and the F/T sensor become an integrated system as shown in figure 16(b) . In this work, the F/T sensor is treated as a linear springdamper where the spring stiffness, k s , represents the stiffness of the strain gauge within the F/T sensor and the damper, b s , represents the friction between the F/T sensor, and the workpiece. Hence, the transfer function of the F/T sensor is
where F a (s) is the actual force detected from the end-point of the F/T sensor. Consequently, the transfer function the integrated system is
In the case of direct force control, the transfer function of the entire closed-loop control system becomes
Controller design
A comparison between the coefficients of equations (13) and (21) yields
A set of command forces, which includes 9.931 16×10 −6 , 1.986 23 × 10 −5 and 1.390 36 × 10 −4 , is given to the integrated system and a set of output forces is recorded. These sets of data are fed into the MATLAB System Identification Toolbox and the estimated transfer function is 
Results
For direct force control, the settling time of the transient response is more crucial than the rise time. This is because the time to reach steady-state is more important in a nano-imprint process. Hence, a settling time of 0.5 ms and a damping ratio of 0.6 are used to estimate the PID control parameters using equations (22)-(24). As a result, K p = 0.2686, T i = 0.060 39 and T d = 0.037 40 are obtained from the analyses. These PID parameters are used by the PID controller when performing a direct force control. A 10 N force profile generated by the FELA is plotted in figure 17 . It shows that FELA holds at 10 N for about 40 s with an accuracy of ±0.15 N. A 60 N force profile generated by the FELA is plotted in figure 18 with an accuracy of ±0.3 N. In both cases, a simple PID scheme can be employed due to the linearity between the input current and the output force. With a DM configuration, a current of less than 1 A is used to generate the 60 N profile. Low current ensures low heat generation and low thermal expansion. A thermal sensor from Pico Technology is used to record the heat generated from the air-core coil for every second during the force control operation. Figure 19 plots the measured temperature when the FELA is generating a continuous thrust force of 60 N for 15 min. It shows that the temperature rises from 22 to 32
• C at a rate of 0.0173
and saturates at 32 • C after 11 min. Hence, a 60 N profile force control has a maximum temperature increase of 10
• C. With the air-coil holder length of 44 mm and the coefficient of thermal expansion of 24 × 10 −6 • C −1 , any 60 N profiling operation that takes less than 11 min requires compensation of 18.2688 nm s −1 in the actuating (x-axis) direction. For 60 N profiling operations that require more than 11 min, a maximum length extension of 10.56 μm in the actuating (x-axis) direction must be compensated. Such temperature compensations are additional means for ensuring the accuracy of a feature's depth during a direct force control imprinting operation.
Conclusions
This paper introduced a novel nano-positioning actuator, termed a FELA, which mainly comprises an electromagnetic moving air-core coil which is supported by the flexure bearings. Analytical modeling of the magnetic field and static current-force relationship of the electromagnetic driving component was discussed. Experimental investigations were conducted and validated the accuracy of both proposed analytical models. In addition, a static force-displacement analytical model of the flexure bearings was derived and its accuracy also verified experimentally. Dynamic analyses of the FELA were conducted analytically and experimentally for the purpose of designing a PID controller to realize both position and direct force servo-controls. Detailed control modeling was discussed to estimate the appropriate PID control parameters for both control schemes. Based on the position servocontrol, FELA achieves a positioning accuracy of ±10 nm (limited by the encoder resolutions) over a displacement of 4 mm. It achieves a smallest output step of 20 nm and a positioning repeatability of ±1.5σ . With a direct force control, this compact-sized FELA is capable of generating any force profile with a continuous thrust force of 60 N A −1 . Hence, FELA is useful for realizing the stamping of templates in a nano-imprinting process. Consequently, a FELA, which offers nanometric accuracy, millimeters of strokes and large continuous force offers a promising solution for assisting current SFIL systems in achieving high alignment accuracy in layer-over-layer fabrication.
